Reaction bonded aluminum oxide (RBAO) is a promising oxide ceramic for engineering components due to its interesting characteristics, such as high green strength, low-to-zero shrinkage, and advanced mechanical properties. In the present work, the effect of Cyclic CIP on compaction of RBAO precursors and on proper ties of reaction sintered RBAO bodies was investigated. RBAO compacts were made by Cyclic CIP at 20 and 1000 cycles. A small number of cycles leads to RBAO compacts with homogeneous microstructure, however, further cycling results in degradation of the microstructure. After sintering, strength values of up to 690 MPa were obtained for samples with 20 cycles. This is more than 20% above the standard material made by ordinary CIP. This shows that Cyclic CIP can be applied as a successful compaction technique to improve the mechanical properties of metal/ceramic powder mixtures like RBAO precursor powders.
Introduction
Engineering ceramics are expected for applications in diverse technologies including not only aerospace or nuclear fusion reactor power plants but also automobiles and wear resistant parts in daily life. However, expensive synthetic raw materials are required along with high tem perature sintering, grinding, and polishing leading to high total costs which severely restrict engineering ceramics ap plications. Engineering ceramics produced via reaction forming exhibit various advantages when compared to con ventionally manufactured ceramics. Low-cost raw materi als, (near)-net-shape capability, and grain boundaries free of glass-phase are attractive attributes for many technical and high-performance applications.
Reaction bonding of aluminum oxide (RBAO) was deve loped by the Advanced Ceramics Group of Technische Universitat Hamburg-Harburg as a new oxidation forming technique.1)-3) In this process, Al2O3/Al powder compacts are heat-treated in air so that the metal is oxidized to small "new" Al 2O3 crystallites which sinter and thereby bond the larger "older" Al2O3 particles. Monolithic Al2O3 ceramics with low shrinkage have already been fabricated. The shrinkage on sintering is partially compensated due to the volume expansion of 28% associated with the reaction of Al to Al2O3. However, in the pure RBAO system, in which only Al and Al2O3 are present, up to 15% linear shrinkage still remains when the final density exceeds 97%TD. In order to further reduce the shrinkage and even to achieve net-shape forming, the RBAO process can be modified in various ways by incorporating other metal or ceramic additives that exhibit a larger volume expansion on oxidation. For exam ple, Zr is associated with a volume expansion on oxidation of 49%, Ti 76%, Cr 102%, Nb 174% and, when forming mullite from the addition of SiC via SiO2, the change is 132%. A more simple but very promising possibility to reduce the shrinkage on sintering is an advanced compac tion technology in order to enhance the green density of the samples, e.g., by applying Cyclic CIP. The density of green bodies and sintered specimens was measured geometrically and by Archimedes method, respectively. The strength of both green bodies and sin tered specimens was tested in a conventional testing machine (Zwick 1478) with a punch-on-3-balls arrange ment (P3B).11) Tests were carried out without grinding or polishing the samples in order to include the influence of surface quality on strength data.
Heating
Cycle for RBAO Specimens Fig. 2 . Heating cycle for oxidation and sintering of RBAO bo dies.
Polished samples were used to determine fracture tough ness by indentation-crack-length method using Vickers in dentations with a load of 5kg. The green density shows a significant increase with Cyclic CIP. From 53.1%TD for the standard material, the density was increased to 58.7% and 60.3%TD at 20 and 1000 cycles, respectively. The median pore size and pore volume of the green bodies decreased dramatically from 1 to 20 cycles, corresponding to the green density. It should be noted that, at this stage of the compaction process, the remaining pores are extremely fine and therefore may not be detected by Hg-porosimetry. Additionally, the use of high pressures in Hg-porosimetry systems can lead to closure of fine surface pores due to plastic deformation of Al particles.
Further cycling, however, causes an increase in both values (see Fig. 4 ). This increase of pore volume and di ameter is caused by agglomeration of defects and pores at high cycle numbers. These pores can now be detected with accuracy. Therefore, the trend of the data is clear, although the absolute values may be questionable.
In spite of the significant increase in green density by Cyclic CIP, green strength remains unaffected (Table 2) . This indicates that the strength of RBAO green bodies is de pendent essentially on the strength of the metallic alumi num network and is less affected by green density of the specimens. Corresponding to the green density, the sintered density of RBAO samples increases from 98.4 to 100%TD at higher cycle numbers (Fig. 5) . However, bending strength of the sintered bodies cannot be related directly to this beneficial effect of cyclic compaction. As shown in Fig. 5 , a low num ber of cycles leads to an increase in strength of more than 20% to 687MPa which can be explained by homogeneous compaction at a low number of cycles, already indicated by density and Hg-porosimetry measurements of green bodies. 5. Conclusions (1) Cyclic CIP can be applied as a successful compac tion technique for metal/ceramic powder mixtures like RBAO precursor powders.
(2) Green density is enhanced by Cyclic CIP. A small number of cycles leads to green bodies with homogeneous microstructure. A high number of cycles results in degrada tion of microstructure with formation of larger pores and ag glomerates.
(3) The density of sintered specimens reflects the de velopment of green density with cycling. Cyclic CIP im proves the mechanical properties of RBAO materials. Strength values of 690MPa in punch-on-three-balls testing are more than 20% above those of conventional isoressed samples.
